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SMOOTH PARTICLE HYDRODYNAMICS - THE SPHINX AND SPHC
CODES

C. A. WINGATE and R. F. STELLINGWERF
Los Alamos National Laboratory, MS F645, Los Alamos, NM 87545

ABSTRACT

Smooth Particle Hydrodynamics (SPH) is a new computational technique well suited to computation of
hypervelocity impact phenomena. This paper reviews the characteristics, philosophy, and a bit of the der-
ivation of the method. As illustrations of the technique, several test case computations and several appli-
cation computations are shown.

PHILOSOPHY OF UPH

SPH is a gridless Lagrangian hydrodynamic computational technique. With some care, it can be writien in
a fully conscrvative form. The form of the SPH equations is extremely simple, even in 3 dimensions.
These characteristics, together with the physical “fecling” for the problem that is embodied in a fully
Lagrangian code makes SPH an attractive approach for problems with complicated geometry, large void
arcas, fracturc, or chaotic flow ficlds.

SPH was first derived by Lucy (1977) as a Monte-Carlo approach to solving the hydrodynamic time ¢vo-
lution equations. Subscquently, Monaghan and co-workers (Monaghan 1982, 1985, 1988, Gingold and
Monaghan 1977, 1982) reformulated the derivation in terins of an interpolation theory, which was shown
0 better estimate the error scaling of the technigue. According to the interpolation derivation, cach SPH
“particle” represents a mathematical interpolation point at which the fluid properties are known. The com-
plete solution is obtained at all points in space by appiication of an interpolation function. This function is
required to be continuous and differentiable. Gradicnts that appear in the low cquations arc obtained via
analytic differentiation of the smooth, interpolated functions. Monaghan showed that other well known
ichmgues, such as PiC, finiic ciement, and finiic volume methods could aiso be derived in this way
through appropniate choice of interpolation wehnique, SPH is distinguished by the simplicity of its ap-
proach: interpolation is done by summing over “kernels™ associated with cach particle. Each kernel is a
spherically symmetnic function centered at the particle location and generally resembling a Gaussian in
shape. ‘The ordes of accuracy of the interpolation (and thus of the difference equations) is determined by
the smoothness of the kernel. The kerel is required o approach a delta function in the limit of small ex.
tent. The interpolation is accomplished by summing cach equation or variable at any location over ncarby
known values at particle locations, cach weighied by its own kemel weighting function. Each keruel fune

tion is required o integrate over all space o exactly unity, thus nonnaiizing the interpolation sums. By
appropriately moditying the normalization condition, the same code can easily switch between 19, 2D,
3D, spherical or cylindrical geometric configurations. This feature allows code development in 1D or 2D,
with confidence that the same coding will work tor all cases if implemented casctully. An excellent e

view of SPH can be found in Bens (1989),



There are two SPH codes currently under development at Los Alamos National Laboratory (LANL). The
first is SPHC, which was originally written by Stellingwerf (Stellingwerf 1989a, 1989b, 1990a, 1990b,
1992 and Stellingwerf and Peterkin 1990). SPHC is a research tool written in C that runs on a variety of
platforms. The second code is SPHINX, which is a fully vectorized CRAY version with a more conve-
nient user interface and an integrated X-Windows graphic runtime display. SPHINX will be the produc-
tion code used for high resolution 2D and 3D modeling and is currently being developed by Wingate at
LANL.

The SPH codes havs been tested successfully on the blast wave problem, the strong shock tube, the Noh
problem and the Taylor cylinder test. Applications for these codes include laser-plasma interaction, Ray-
leigh-Taylor instability and hypervelocity impact. In the following sections we briefly discuss the physics
solved in SPH, and show several hypervelocity test cases.

PHYSICS AND MATERIAL PROPERTIES

Installation and testing of material property routines and data bases is currently one of the primary arcas
of code development for the SPH codes. Current models use a Grueneissen equation of state with a cus-
tom temperature/energy relation incorporating solid/liquid/vapor/ion phases. In vddition, the codes can
access the LANL SESAME material property library for all available matzrials. Additional equation of
state options arc planned.

Streni .h models currently implemented are: elastic-perfectly plastic, Johnson-Cook, and Sicinberg-
Guinan. Each mode! accesses its own data base of material properties. Implementation details of these
modcls can be found in Libersky and Petschek (1990) and Wingale and Fisher (1992).

Other physics installed in the codes include thermal diffusion and artificial viscous diffusion. In addition
SPHC has radiation diffusion, laser deposition, lascr ablation, idcal magnretohydrodynamics, and neutron
production. Thesc capabilities are not used in the impact tests discussed below.

Numerical techniques include variable smoothing length and particle division to model low density re-
gions, arbitrary dimensionality and geometry, ghost particle boundary conditions, and intcractive run-
time graphics (Steiiingwerf, 1990b).

In SPH there is no need to artificially insent void regions, since the physical process of stretching a solid
object will naturally produce cracks, spall. and other void regions in the course of the computation. Mate-
r.al propertics that affect this process are 1) the yield condition for plastic flow, 2) a specified “spall
strength™ for cach material that acts as a limit to the tensile stress that a material can support, and 3) a
specificd maximum “void fraction™ that the material can support prior w failure. The cxact functional
form of cach of these criteria depends on the strength model and the implementation of the fracture mod-
cl. The simplest and most promising approach in SPH is simply to set the yield stress and the spall
strength enteria according to an appropriate model for the material and allow the object to respond natu-
mily (o the boddy stresses at each point. The degree of brittleness or ductility of the material can be varied
via the recipe for the variable smoothing length (less allowed variation implics more brittle material), or
by decreasing the tensile forces at some level of void fraction, as measured by the local density (smaller
allowed votd fraction implies more brittde material). The preferred model is likely to be different for dif-
ferent materials. Tests of these ideas are currently in progress and will be presented in future publications,

In contrast to the numerical treatment of fracture, a fragmentation model is a phenomenological model of
the charpeicnstics of the debris formed from a certain type of impact. The approach of Grudy and Kipp
(1987) 15 an cxample of this type of model. A frmgmentation maoded can predict the degree of damage at
cach pointin an obj et for use by a fuacture model, and predict the distribution of masses, shapes, ete. of
debuis frmgrnents over amoch wider range than the hydiocode alone. Such a mode! has been tested i SPH
by Benz and Mclosh (1992) aid is curtently unplemented in the LANL SPH coddes.



THIN BUMPER SHIELD COLLISION AT 6.75 KM/S

This section describes a simulation of a spherical aluminum projectile with radius 0.475 cm colliding with
a thiri alummum sheet with thickness 0.0381 cm at a velocity of 6.75 kam/s. This calculation simulates one
experiment out of a very well documented series of experiments done recently by Pickutowski (1992a,b)
at University of Dayton Research Instimte.

This first simulation was run using SPHC with about 2500 particles in 2D cylindrical mode. The ECUS is
Grueneissen, and the swength model is elastic/plastic. The spall strength was set 1o 6 kbar. Figure 1 shows
the initial cof.ditions as well as the material configuration at 5 and 10 ps. Thus is a particle plot, which in-
dicates the location of the matenal, with a gray scale to show valucs of the local density We see that the
pro,ectle has broken into many fragments with a conspicuous spall “bubble” at the rear surface, and nu-
merous cracks along the direction of motion that have developed as a result of laier expansion of the pro-
jectile. The bulk of the material lies in a flattened disk, with what appears o be an intact core, The halo of
low density material in front of and to the sides of the fractured projectile is Liquid/vapor matenal formed
from the impacted bumper and a thin shell of the projectile. All of these features are consistent with ex-
perimental radtographs, although details, such as the structure in the liquid/vapor phases, do not corre-
spond exactly. We expect that these details will improve with the planned upgrading of the equation of
sate. This calculation was also done in 3D using SPHINX with about 87000 perticles. The results show
beuer agreement with the data but still have some details that don’t match, such as the structure of the
leading liquid/vapor phase. This simulation will be used as the primary test of the fraciure/fragmentation
scheme as the codes develop.
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Fag. 1. Snapshots of the sphenical projectile/ bumper collision at time = (), §,
and 10 s,



SHIELD / HULL COLLISIONS AT 10 KM/S.

As another example of an SPH impact application, we show models of several alominum disk impact ex-
periments carried out at Sandia by Chhabildas, et al. (1991).

The first model is of the experiment designated WS-12, or NASA-12, The initial setup for the run is
shown in figure 2 (left). The model was run with 10,000 particles in 2D cylindrical geometry with SPHC.
The EOS is Grueneissen, and the strength model is elastic/plastic. The spall strength was sct 10 6 kbar.
The projectile is a disk of radius 0.95 cm, thickness 0.0868 cm, and velocity 10.0 km/s. The shield is a
plate of thickness 0.127 cm. Both projectile and shield are made of 6061-T6 aluminum. The “huil” or wit-
ness plate was placed 11.43 cm beyond the shield, has thickness (.32 cm, and was made of 2219-T87 alu-
minum. On the right of figure 2 we show the material configuration at 16 us, just as the debris reaches the
hull plate. In this case the entire cloud of debris is liquid at the vaporization temperature, indicating a
mixed phase region. A dense column extends downward from the shield to the hull with nearly constant
density of about 0.1 g/cc and a linear velocity profile. This column is about 1/2 projectile material and 1/2
shield material, as expected. The central core is surrounded by a halo of lower density matenial, extending
to a shell of extruded shield at the outer edge. The maximum velocity of the debris is found to be nearly
equal to the impact velocity of 10.1 km/s. This result agrees very well with UDRI experiments (Schmidt,
et al. 1992, fig. 13a). A low densily shell of material travelling at 14 km/s was observed in the Sandia ex-
periment, but does not appear in this simulation.

Figurc 3 shows a details of the hull at 16 and 28 ps. At 16 us the impacting liguid material has fully va-
porized, a liquid layer has formed at the surface of the hull material, and strong hydrodynamic instability
has developed at the interface. At 28 pis the hull is fully ruptured and hot vapor has begun to flow to the
rear of the impact point. The times of hull deformation and rupture agree well with experiment, and both
show a hole diameter of about 2 cm.

Another experiment, designated WS-11, or NASA-11, was also modeled. This experiment was similar o
WS-12 except that the projectile radius was 0.60 cm, thickness 0.0953, and velocity 10.5 kmys. This im-
plics about half the mass of WS-12, Shot WS-11 did not penctrate the hull, although some hull damage
was observed. A model similar to the above WS-12 simulation was run with WS-11 parameters, and pro-
duccd a ruptured hull similar o that observed in figure 3. Chhabildas, ct al. comment that the projectile
may have been distorted in some or all of the experimental shots, and this may have been the case for shot
WS-11. The model was therefore re-run with a slightly “cupped” projectile, achicved by replacing the
disk with a shallow conc with slope .25, Figure 4 shows the configuration for this simulation, again at 16
pes. In this case the hult has not ruptured, since the debris is considerably dispersed at its leading edge. The
cexact symmetry of the simulation, however, has formed virtually all of the projectile matenal into an ar-
row of dense marterial that is arrayed along the axis of the simulation, and does produce a small hole in the
hull at later time. Asymmetries present in the experiment probably break up this “arrow™, resulting in the
several scattered damaged regions actually observed. A 3-dimensional simulation of this case is planned
to test thas hypothesis, The SPH results shown here are in gencral agreemient with the CTH code resulis
shown in Chhabildas ¢t al, (1991).
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Fig. 2. Left: initial configuration for the simulation of WS-12, Right: configu-
ration at secondary impact at 16 ps,

OBLIQUE IMPACTS

The calculations of a sphere obliquely impecting a bumper modeled a NASA impact experiment similar
to EH 1C (Schonberg. et al. 1988). The sphere was made of 1100 Aluminum with a radius of C.476 cm, a
velocity of 7.0 km/s and a 60 degree angle from the normal. The bumper was 6061-T6 Aluminum with a
thickness of 0.16 cm. The calculation was done in 3 dimensions using SPHINX with 60,000 particles.
The equation of state used was Gruencissen. The strength model was elastic perfectly plastic with a shear
modulus of 265 kbar and a yicld strength of (.34 5 kbar for the 1100 Al and 2.75 kbar for the 5061-T6 Al.
The configuration after 20 microseconds is shown in Figure S, side projection. Some projectilc material
scraped from the top of the projectile upon impact has slid along the plate and continued 0 the left, fol-
lowed by ejectod target matcrial above the plane of impact The kong feature sn formed is travelling ballis-
ucally to the left - there is no boundary beyond that shown in the figure. Below the plane, the projectile
material is located at the left edge of the debris cloud, while warget material forms the bulk of the rest of
the cloud. This configuration is matched almost identically in unpublished experimental results obtained
by Pickutowski at UDRI (experiment 4-1439),
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Fig. 3. Detail of the hull showing development of the hole and surface insta-

bilitics. Left: at 16 ps, right: at 28 us. Note change of scale.
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SUMMARY.
The technique of Smooth Particle Hydrodynamics shows considerable promise for simulations of hyper-
velocity impacts. Of special interest is its ability 10 produce and track debris fragments, allowing compu-
wtion of sccondary impacts over unlimited distances.
The SPH codes at LANL are currently undergoing tests on a variety of applications, and are in the devel-

opmental stage of code and material propertics upgrades. The results so far are encouraging, and further
improvements should produce a useful and unique ol
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